1. Introduction {#sec1}
===============

Many fundamental biological mechanisms such as cell migration and chemotaxis are induced by the concentration gradients of either diffusible chemicals or molecules. For example, when local inflammation occurs, the injured tissue will release a fair amount of chemoattractant, a diffusible chemical, to attract neutrophils, the immune cells, to help sterilize and heal the injured tissue. However, since the activity of neutrophils can damage the host cells, the infiltration of neutrophils into tissue is playing a prominent part of the pathophysiology for various acute or chronic inflammations. Consequently, inhibiting neutrophil migration has been an important strategy in the development of antiinflammatory drug.

Garlic and its preparations have long been recognized to possess antiinflammatory properties \[[@B1], [@B2]\]. Extensive in vitro studies have established that garlic oil (GO), one of the garlic extracts, is inhibitory for neutrophil transmigration through the endothelial cell monolayer \[[@B3]\] and for microtubule polymerization in mouse fibroblast cells \[[@B4]\]. It is, thus, of interest to investigate the effects of GO on the locomotion of neutrophil-like cells. In this study, we have designed and fabricated a novel chemotactic gradient Labchip to quantitatively characterize the effects of GO treatment on the locomotion of neutrophil-like cells differentiated from HL-60 cell line. In particular, the locomotion of neutrophil-like cells is characterized by migration direction, average migration speed, chemotactic index (CI), and motility index (MI).

For comparison, the neutrophil-like cells with and without GO pretreatment were used as the test and the control groups, respectively. Since allicin, the major sulfur-containing component of garlic oil, has been reported to cause microtubule disassembly in fibroblasts but has no effect on actin cytoskeleton activity \[[@B4]\], we further used nocodazole-treated cells and cytochalasin-B (CB)-treated cells as the positive and the negative control groups, respectively. Such arrangement is feasible because nocodazole is a microtubule polymerization inhibitor while CB disrupts the actin cytoskeleton of cells. Both treatments are expected to decrease the migration speed of cells.

As to the chemotactic gradient Labchip, based on the concept of enhancing molecular diffusion by gradient generation, the current gradient generator is designed to achieve a rapidly generated, steadily maintained, and dynamically controlled chemotactic environment. In our design, the gradient slope of chemotactic concentration is controlled by changing the flow rate of the working fluid and by controlling the solution inlet in the gradient generator. This has allowed us to carry out comprehensive experimental studies on the chemotactic responsiveness of neutrophil-like cells with and without GO treatment under the conditions of varying flow rates and concentration gradients of the chemoattractant (IL-8) solution.

2. Materials and Methods {#sec2}
========================

2.1. Cell Culture {#sec2.1}
-----------------

Neutrophil-like cells were differentiated from HL-60 cell line. The HL-60 cell line was purchased from FIRDI (Taiwan, BCRC number: 60273) and maintained in RPMI-1640 medium (90% RPMI 1640, 10% FBS, 1% penicillin, 1% HEPES, 1% pyruvate, 1.5 g/L NaHCO~3~, and 4.5 g/L glucose, pH = 7.4) with 5% CO~2~ at 37°C. When in use, the HL-60 cell line was incubated at a concentration of 5 × 10^5^ cells/mL with 1.3% DMSO for 7 days. This process would differentiate the HL-60 cell line into neutrophil-like cells for use.

2.2. Chemicals {#sec2.2}
--------------

### 2.2.1. Garlic Oil {#sec2.2.1}

Garlic oil is an essential oil, which was extracted from garlic cloves. A clove of garlic of 1.5 kg was blended with 3 L of distilled water by using a Waring blender. The volatile components of the mixture were extracted by boiling with distilled water for 4 hours. The garlic essential oil (composed of some volatile molecules of garlic) that was carried with water vapor was then cooled down in a glass condenser. Subsequently, the condensed extract was collected. The water in the extract was then removed with anhydrous Na~2~SO~4~ and filtered through nitrocellulose acetate membranes \[[@B5]\]. Usually, an average of 3.75 g of GO can be extracted from 1.5 kg of garlic cloves. The constituents of the obtained GO were analyzed by a gas chromatography-mass spectrometry system (G1800, Hewlett Packard, Palo Alto, CA). The major organosulfur compounds of GO are diallyl sulfide, diallyl disulfide, diallyl trisulfide, and allyl methyl trisulfide. Their levels are 5, 39, 34, and 10 g/100 g, respectively.

### 2.2.2. Reagents {#sec2.2.2}

The cytochalasin B (CB) powder was purchased from Sigma. The powder was dissolved in dimethylsulfoxide (DMSO) and diluted in DMSO to yield stock solutions of 10 times the working concentration. When in use, the stock CB solution was diluted and applied at a concentration of 10 *μ*M \[[@B6]\]. The nocodazole (methyl\[5-(2-thienylcarbonyl)-1H-benzimidazol-2-yl\]-carbamate) powder was also purchased from Sigma. The powder was dissolved in DMSO and diluted to final concentration of 0.5 *μ*M and 2 *μ*M \[[@B4]\]. The chemokine IL-8 was purchased from Sigma, as well. The solution was prepared in RPMI 1640 medium and diluted to the concentrations of 6.25 nM and 12.5 nM.

Finally, the CB-treated, the nocodazole-treated, and the GO-treated neutrophil-like cells were separately prepared by culturing the neutrophil-like cells in a 10 *μ*M CB solution, 0.5 *μ*M and 2 *μ*M nocodazole solutions, and in different GO solutions varying from 1 *μ*g/mL\~10 *μ*g/mL at 37°C for 60 minutes, respectively. On the other hand, the normal neutrophil-like cells were directly used without any further treatment. Before injecting the treatment cells into device, we washed the cells with RPMI-1640 medium.

2.3. Experimental Setup and Cell Migration Analysis {#sec2.3}
---------------------------------------------------

Due to the dominating laminar flow on the microscale, the mass transport between adjacent flow streams usually relies mainly on molecular diffusion, which is usually an inherently slow process. Thus, it needs a very long flow distance and time to achieve desired concentration gradient distribution by relying purely on the mechanism of molecular diffusion. In our gradient generator design, we highlighted the concept that increasing the contact surface between two fluids and decreasing the diffusion path between them improve molecular diffusion. The new chessboard-shaped pillar structure was utilized to alter the laminar flow direction laterally to enhance the desired mass transport of microfluidics and approach the nearby downstream experimental zone with a desired chemotaxis gradient.

The schematic diagram and the dimension details of our chemotaxis gradient Labchip are shown in [Figure 1(a)](#fig1){ref-type="fig"}. The Labchip consists of a cell migration region and a gradient generator. Cells were introduced into the microfluidic channel with continuous flow input, and randomly distributed in the cell migration region. In designing the gradient generator, the new chessboard-shaped pillar structure was utilized to alter the laminar flow direction laterally. This design has proved to enhance the molecular diffusion and has enabled us to achieve desired concentration gradient distributions. Through repeating the lateral alteration of the streams of buffer and chemoattractant, the chemotaxis gradient generator could have a desired continuous slope of concentration gradient in a short flow distance. Besides, it is evident that with slower inlet velocity, more chemoattractant is transported laterally. In our chemotaxis gradient Labchip, up to three different solutions could be pumped in with different flow rates from individual inlets. Thus, we can obtain dynamic gradients by varying the flow rate of each input stream. Furthermore, we can also change the gradient from top-bottom to bottom-top by controlling the solution inlets.

Gradients were characterized by using greenish fluorescence dye as shown in Figures [1(b)](#fig1){ref-type="fig"}--[1(e)](#fig1){ref-type="fig"}. We injected a 5 *μ*M FITC-Dextran (MW = 10 kDa) solution from one inlet and injected DI water from the other inlet. This is feasible because the molecular weight of FITC-Dextran (MW = 10 kDa at 5 *μ*M solution) is close to the molecular weight of chemokine IL-8 (MW = 8 kDa at 6.25 nM solution).[Figure 1(b)](#fig1){ref-type="fig"}shows the superimposition of a green background and a schematic diagram. The background was an actual image of a green gradient made with the greenish fluorescence dye. And the schematic diagram illustrates the working principle of chemotaxis gradient via the chessboard-shaped pillar structure. The white dotted lines in the simulation figure illustrate the contour lines for the flow fields of microfluidics. The interface between the two input streams was expanded along the diagonal of each chessboard-shaped pillar unit in a short distance via the characteristics of enhanced lateral mass transport.

Figures [1(c)](#fig1){ref-type="fig"}--[1(e)](#fig1){ref-type="fig"} show the recorded images of fluorescence intensity for the flow-rate conditions under 0.5, 1.5, and 2.5 *μ*L/min, respectively, at the cell migration region in our chip. Every fluorescence intensity profile was normalized to its maximum fluorescence intensity to give the normalized distribution of gradient concentration, as shown in [Figure 1(f)](#fig1){ref-type="fig"}. It can be seen that the gradient slope of concentration increases when the flow rate increases.

Images of the cells in the experimental zone of neutrophil migration and chemotactic responsiveness were recorded by a microscope system with a digital CCD-camera (Mintron, MTV 62V1N, Taiwan) connected to a laptop computer and video player (Archos 404, France). A microsyringe pump (Micro 4, WPI, Florida, U.S.A) was used to pump and regulate the flow streams of fluidic sample. Fibronectin (1 *μ*g/mL solution) was injected through the cell inlet and incubated for 45 minutes at 37°C. Neutrophil-like cells at a concentration of 5 × 10^6^ cells/mL were loaded uniformly across a 400 *μ*m wide main microchannel (cell migration region) and allowed to adhere within our gradient Labchip for up to 20 minutes. Adherent neutrophil-like cells within the Labchip were then exposed to three variant IL-8 solution concentration gradients: 0--6.25 nM (slope = 0.156 nM/10 *μ*m), 6.25--12.5 nM (slope = 0.156 nM/10 *μ*m), and 0--12.5 nM (slope = 0.312 nM/10 *μ*m) with four different flow rates, which varied from 1 *μ*L/min--2.5 *μ*L/min (1, 1.5, 2, and 2.5 *μ*L/min). For our chip design, 1 *μ*L/min volume flow rate was equivalent to about 330 *μ*m/sec flow rate in the region of cell migration experiments. Cell movement and gradient verification were constantly monitored at a set point along the main microchannel for 45 minutes.[Figure 1(g)](#fig1){ref-type="fig"}shows the image of neutrophil-like cells migration in the microchannel having a linear 0--6.25 nM IL-8 gradient (from the top to the bottom) under the flow rate of 1.5 *μ*L/min (flowing from the left to the right). The lines in [Figure 1(g)](#fig1){ref-type="fig"}show the migration trajectories of neutrophil-like cells.

Orientation bias of cells in chemotaxis was quantified by the chemotactic index (CI) \[[@B7]\], which is defined as the displacement along the direction of the gradient, *x*, over the total migration distance, *d* (CI = *x*/*d*). The motility index (MI) was defined as the ratio of the displacement from starting position, *r*, and the maximum displacement, *r*~max~, to quantify the random motility of cells (MI = *r*/*r*~max~) \[[@B8]\]. Here *r*~max~ was the product of the average migration speed of cells and time. Besides, the effective chemotaxis was quantified by the effective chemotactic index (ECI), which is a product of CI and MI (ECI = CI × MI).

2.4. Statistical Analysis {#sec2.4}
-------------------------

The data are expressed as mean ± S.D. and were analyzed by one-way analysis of variance. Student\'s *t*-test was used to detect differences in means between the control group and the CB-, nocodazole-, or GO-treated group. Tukey\'s test was used to detect the difference among the means of the GO-treated groups. *P* values \<.05 were considered significant. All statistical analyses were performed with commercially available software (SAS 9.1 for Windows; SAS Institute Inc. Cary, NC, USA).

3. Results and Discussions {#sec3}
==========================

3.1. Migration of Neutrophil-Like Cells in Different Range of IL-8 Gradients {#sec3.1}
----------------------------------------------------------------------------

To investigate the cell migration responding to different IL-8 concentration gradients, we exposed the neutrophil-like cells to a fixed flow rate of 1.5 *μ*L/min and observed the migration of neutrophil-like cells in three variant IL-8 solution concentration gradients: 0--6.25 nM (slope = 0.156 nM/10 *μ*m), 6.25--12.5 nM (slope = 0.156 nM/10 *μ*m), and 0--12.5 nM (slope = 0.312 nM/10 *μ*m). Figures [2(a)](#fig2){ref-type="fig"}--[2(c)](#fig2){ref-type="fig"} show the average values of CI, MI, and ECI obtained with the abovementioned conditions for the neutrophil-like cells with and without GO treatment, respectively. In [Figure 2(a)](#fig2){ref-type="fig"}, the average values of CI of the neutrophil-like cells without GO-treated are larger then that of the neutrophil-like cells with GO-treated (*P* \< .05). Under three difference IL-8 concentration gradients, the average values of CI of cells in the control group and in GO-treated group had no significant effect. In [Figure 2(b)](#fig2){ref-type="fig"}, the average values of MI among the control group and GO-treated group had no significant effect except under the 0--12.5 nM IL-8 concentration gradient (*P* \< .05). However, the average values of CI, MI, and ECI of neutrophil-like cells migration under the IL-8 gradient of 0--6.25 nM are slightly larger than those obtained with higher concentration gradients, indicating the nearly indifferent influence of IL-8 concentration on the migration activity of the neutrophil-like cells. Nevertheless, by comparing the results displayed in Figures [2(a)](#fig2){ref-type="fig"}--[2(c)](#fig2){ref-type="fig"}, it does indicate the marked effect of GO treatment in suppressing the locomotion of neutrophil-like cells. The ECI value is evidently reduced by more than 50% in the whole range of IL-8 concentration gradients studied here.

3.2. Migration of Neutrophil-Like Cells under Different Continuous Flow Rates {#sec3.2}
-----------------------------------------------------------------------------

To examine the effect of flow rate on the migration of neutrophil-like cells, the cells were exposed to different continuous flow rates of IL-8 solution. Four different flow rates, increased from 1 *μ*L/min with a 0.5 *μ*L/min incremental step, were used to generate 0--6.25 nM IL-8 gradient across a 400 *μ*m wide main microchannel (Neutrophil-like cell migration region). The slopes of the IL-8 solution concentration gradients for the flow rates of 1 *μ*L/min, 1.5 *μ*L/min, 2 *μ*L/min, and 2.5 *μ*L/min are 0.237, 0.172, 0.130, and 0.106 nM/10 *μ*m, respectively. The slope decreases with increasing flow rate. Figures [3(a)](#fig3){ref-type="fig"}--[3(c)](#fig3){ref-type="fig"}shows the dependences of the average values of CI, MI, and ECI for the migration of the neutrophil-like cells under 0--6.25 nM IL-8 concentration gradient on flow rates as well as on GO treatment. In [Figure 3(a)](#fig3){ref-type="fig"}, the average values of CI of the neutrophil-like cells without GO treatment are larger then that of the neutrophil-like cells with GO treatment (*P* \< .05). The average values of CI of the cells migration under four difference flow rates had no significant effect. In [Figure 2(b)](#fig2){ref-type="fig"}, the average values of MI among the control group and the GO-treated group had no significant effect. The experimental results clearly indicate that, although the average CI value appears to reach maximum value at the flow rate of 1.5 *μ*L/min, the average MI value does display a trend of increasing with the flow rate regardless of whether or not cells were treated with GO. The flow rate dependence of motility is due primarily to the shear force which might have driven the neutrophil-like cells downstream from the main microchannel along the direction of flow. A similar effect, however, may also deteriorate the cell migration. As a result, there appears to be an optimal operation condition for the present microfluidic gradient generation chip. In this case, 1.5 *μ*L/min flow rate seems to give the best operation condition. It is emphasized that in every condition the effect of GO treatment on suppressing the cell migration is evidently demonstrated.

3.3. The Effect of Garlic Oil Concentration on the Migration of Neutrophil-Like Cells {#sec3.3}
-------------------------------------------------------------------------------------

To further elucidate the effect of GO on the migration of the neutrophil-like cells, we examined the migration of neutrophil-like cells treated with different GO concentrations in a 0--6.25 nM IL-8 gradient at a flow rate of 1.5 *μ*L/min.[Figure 4(a)](#fig4){ref-type="fig"}shows the migration speeds of the neutrophil-like cells treated with CB, nocodazole, and varied GO concentrations under the same measurement conditions as described above. The average migration speed of normal neutrophil-like cells obtained in the current study is about 13 *μ*m/min. Compared to the previous nonfluidic experiments \[[@B9], [@B10]\] performed in a three-dimensional collagen matrix, in which the maximum migration speed of 15\~20 *μ*m/min for human neutrophil cells was reported, the present results evidently demonstrate that our microfluidic chemotaxis gradient Labchip is indeed viable for studying the cell migration and chemotactic responses.[Figure 4(a)](#fig4){ref-type="fig"}also shows that the average migration speeds of neutrophil-like cells are reduced from 13 *μ*m/min for the untreated cells to 6 *μ*m/min, 4 *μ*m/min, and 8 *μ*m/min after being treated with CB, nocodazole, and GO, respectively. The results unambiguously demonstrate that CB as well as nocodazole treatments are more effective than GO treatment in inhibiting the migration of neutrophil-like cells. It is also interesting to note that the migration inhibition appears to be rather insensitive to the GO concentration, which certainly requires further investigations. In any case, the present results evidently confirm the fundamental mechanisms practiced in developing the antiinflammatory drugs.

In addition to reducing the migration speed of the neutrophil-like cells, the CB, nocodazole, and GO treatments also display very similar effects in reducing the average CI, MI, and ECI values for the neutrophil-like cells. As shown in [Figure 4(b)](#fig4){ref-type="fig"}, the cells treated with CB or nocodazole exhibit an immediate reduction in the average values of CI, MI, and ECI. (Note that *P* \< .05 for the difference between the two control groups: one with CB treatment and the other without any treatment. Similarly, *P* \< .05 for the difference between the nocodazole-treated group and the group without any treatment.) On the other hand, for those treated with GO, significant effects are observed only when the concentration of GO exceeds 5 *μ*g/mL. (Note that *P* \< .05 for the difference between the test groups with GO exceeding 5 *μ*g/mL and the control group without any treatment.)

According to the generally conceived pathophysiology of various acute or chronic inflammations described previously, the activities for neutrophils to transmigrate through the walls of blood vessels and to infiltrate into the damaged tissues are primarily relying on the cytoskeleton rearrangement of these cells. This is in excellent agreement with what has been observed here. Our results are consistent with the findings by Prager-Khoutorsky et al. \[[@B4]\] who reported that allicin, the major sulfur-containing composition of garlic oil, directly affects the activity of cytoskeleton of fibroblast cells by reaction with tubulin SH groups. Consequently, we speculated that the inhibitory effect of GO on the migration of neutrophil-like cells is at least partly due to an effect on cytoskeleton activity. Nevertheless, the effect of GO on other mechanisms associated with neutrophil migration may not be excluded. In addition, the fact that GO treatment displays similar effects in retarding the migration speed of neutrophil-like cells further implies that similar mechanisms are prevailing when enough GO is introduced. In other words, GO might also play a prominent role in interrupting the assembly and disassembly processes of the cytoskeleton inside the cell as well, even though direct evidence and detailed mechanisms are still lacking at present. It is anticipated that, with the capabilities of obtaining quantitative cell migration dynamical parameters with the novel Labchip demonstrated in this study, the development of antiinflammatory drugs can be realized in a much more efficient manner.

4. Conclusions {#sec4}
==============

In summary, we have designed and fabricated a chemotactic gradient Labchip which enables us to conduct quantitative investigations on the effects of garlic oil treatment on the migration properties of the neutrophil-like cells. The preliminary results unambiguously demonstrate not only the capabilities of the present gradient Labchip in generating desired concentrations gradient and flow rate in a controlled manner but also in obtaining meaningful quantitative results consistent with those obtained from nonfluidic three-dimensional collagen matrix. The experimental data evidently show that the average migration speed of cells is reduced after being treated with GO. The results suggest that garlic oil is a potential inhibitor for neutrophil-like cell migration which, in turn, could result in antiinflammatory activities through the inhibition of the assembly and disassembly of the cytoskeleton inside the cell.
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![(a) The illustration of chemotactic gradient Labchip. The downstream middle outlet is used to introduce experimental cells and serves as the cell inlet at the beginning of neutrophil-like cell migration experiments. The scale bar is 0.5 mm long. (b) The schematic diagram illustrating the working principle of chemotaxis gradient via chessboard-shaped pillar structure. The background in green demonstrates a gradient distribution over the gradient generator via florescent medium. The scale bar is 1 mm long. (c), (d) and (e) The intensity pictures of the fluorescence medium at the cell migration region under three different input flow rates. The left two buffer inlets were loaded with 5 *μ*M FITC-Dextran and DI water, respectively, under the flow rates of 0.5, 1.5, and 2.5 *μ*L/min, separately. The scale bar is 100 *μ*m long. (f) The normalized fluorescence intensity profiles across the main channel for five different flow rates: 0.5, 1, 1.5, 2, and 2.5 *μ*L/min. (g) The image of neutrophil-like cells migration in the microchannel at the cell migration region with an IL-8 gradient of 0--6.25 nM (from top to bottom). Lines indicate trajectories of neutrophil-like cell migration induced by the chemotaxis gradient under a flow rate of 1.5 *μ*L/min (flowing from left to right) in 25 minutes. The scale bar is 30 *μ*m long.](JBB2010-319059.001){#fig1}

![The average values of (a) CI, (b) MI, and (c) ECI of a test and a control groups of neutrophil-like cell migration under a fixed flow rate of 1.5 *μ*L/min with varying IL-8 chemoattractant gradients across a 400-*μ*m-wide main microchannel (cell migration region). The test group of the cells was treated with 3 *μ*g/mL concentration of GO while the control group was not GO-treated for comparison. Data are given in the form of mean ± S.D. (*n* = 6). \#: Significant difference between the test and the control groups at the same range of IL-8 gradient (*P* \< .05). a, b mean that the test groups not sharing the same superscript letter are significantly different (*P* \< .05).](JBB2010-319059.002){#fig2}

![The average values of (a) CI, (b) MI, and (c) ECI of test and control groups of neutrophil-like cell migration in the IL-8 chemoattractant gradients of 0--6.25 nM under different flow rates across a 400-*μ*m-wide main microchannel (cell migration region). The test group of the cells was treated with 3 *μ*g/mL concentration of GO while the control group was not GO-treated for comparison. Data are given in the form of mean ± S.D. (*n* = 6). \#: Significant difference between the test and the control groups at the same range of IL-8 gradient (*P* \< .05). a, b mean that the test groups not sharing the same superscript letter are significantly different (*P* \< .05).](JBB2010-319059.003){#fig3}

![The average values of (a) migration speed, (b) CI, (c) MI, and (d) ECI of fourteen groups of neutrophil-like cell migration under a fixed flow rate of 1.5 *μ*L/min with an IL-8 chemoattractant gradient of 0--6.25 nM. The first four groups in each figure were the control groups for comparison. Namely, a group of CB-treated cells served as the negative control group. Two groups of nocodazole-treated cells with two different concentrations of nocodazole served as the positive control groups. And a group of cells without any treatment served as a control group. On the other hand, the following ten groups in each figure were the test groups. Each test group of cells was GO-treated with a variant GO solution concentration, ranging from 1 *μ*g/mL to 10 *μ*g/mL. Data are given in the form of mean ± S.D. \#: Significant difference between the control group and the CB- or nocodazole-treated group (*P* \< .05). a, b, c, d mean that the test groups not sharing the same superscript letter are significantly different (*P* \< .05).](JBB2010-319059.004){#fig4}
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